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MORPHOLOGY  AND  CHARACTERISTICS  OF  DISTURBED 
HF  SKYWAVE  CHANNELS 


1.  INTRODUCTION 

For  ^  purposes  of  this  paper,  a  disturbed  HF  skywave  channel  is  defined  to  be  one  in  which  ionospheric 
irregularities  jday  a  significant,  often  dominant,  role  in  determining  the  characteristics  of  signals  received  ovct 
the  chaiuiel.  Disturbed  channels  may  vary  in  degree  of  disturbance  firoro  cases  involving  weak  irregularities 
embedc^  in  a  strong  ambient  ionosph^,  to  cases  wherein  the  background  electron  density  may  be  weak  in 
comparison  with  that  of  the  embedd^  irregularity  regions.  In  all  cases,  the  presence  of  plasma  density 
irre^arities  tetids  to  degrade  conununication  system  performance.  Enhanced  ionosphaic  abscwption  events 
such  as  solar  X-ray  flare  events,  polar  cap  absorption  events,  and  auroral  substc^  absorption  events,  although 
fretpiemly  assodabd  with  disturbed  ionospheric  conditions,  are  specifically  excluded  horn  consideration  in  this 
papa.  Such  events  usuaUy  result  in  "radio  blackout"  v^ch  is  characterized  by  a  sudden,  catastrophic 
degradation  of  channel  performance  due  to  signal  extincdcn. 

Skywave  charmels  which  are  regularly  disturbed  are  those  involving  propagation  via  the  the  auroral,  polar, 
and  equatorial  ionospheres.  The  winter  auraal  and  polar  iono^heres  may  be  classified  as  ones  involving 
strong  irregularity  regions  embedded  in  a  weak  background  ionosphere  b^use  of  the  almost  complete  absence 
of  locally  pnoduc^  photo-ionization  at  these  latitudes.  Conversely,  because  of  the  extended  pjerio^  of  solar 
illumination,  the  auroral  and  |»lar  regions  wUl  be  characterized  by  a  strong  ambient  ionosphere  during  the 
summer  nmnths.  The  equatorial  region,  because  of  its  location,  does  not  suffer  comparable  fluctuations  in  solar 
photo-ionization  rates. 

The  "normal"  HF  skywave  channel  is  one  in  t^hich  p)rq}agation  via  ionospheric  "reflection"  predominates. 
This  'isually  involves  negligible  frequency  disprersion  (Doppler  spread)  and  nominal  delay  disp}ersion  due  to  the 
inherent  fr^uency  dq[>endent  refractive  effects  of  an  ionized  medium.  For  disturbed  charmels,  the  measured 
effects  will  vary  with  the  deg^  of  disturbance.  A  mildly  disturbed  channel  is  usually  characterized  by  weak, 
large-scale  irre^arities  that  introduce  tilts  in  the  local  iono^iere  and  associated  multipath  reflections.  These 
usually  entail  moderate  ^xeads  in  delay  and  Doppler  of  the  order  of  100  pts  and  1  Hz* ,  respectively,  with 
variations  dqpending  on  the  spiecifics  of  the  chan^  and  the  path  configuration.  In  the  case  of  strong 
irre^arities,  one  can  expect  multip)ath  reflection  and  scatter  from  irregularity  regions  that  are  ^atially 
distributed  about  the  grek  circle  prc^agation  prafii  (CiCP)  between  the  transmitter  and  the  receiver.  Delay 
spreads  ranging  fiom  300  pis  to  1  ms  and  Doppler  spreads  between  5  and  20  Hz  may  be  observed,  where  the 
smaller  values  correspxind  to  signals  dominate  by  multipath  reflection  returns.  Signal  strength  for  a  specular- 
multip)ath  return  will  be  comparable  with  that  observed  on  an  undisturbed  channel,  while  the  peak  amplitude  of  a 
scattered  signal  will  be  on  the  Oder  of  30  dB  weaker  than  that  of  a  reflected  toum. 

In  this  rqxirt  I  will  try  to  prro  vide  a  brief  summary  of  the  measurements  that  have  been  used  to  characterize 
the  irregularity  structure  of  each  of  these  media.  This  will  be  followed,  in  each  case,  by  a  summary  of  some  of 
the  inqxxtant  characteristics  related  to  occurrence  statistics,  and  a  brief  discussion  of  the  theories  u^  to  explain 
the  formation  of  irregularities.  Fmally,  I  will  try  to  sununarize  what  is  known  of  the  channel  characteristics  of 
each  of  these  media,  based  on  direct  measurements  of  the  chaimel. 

2.  DISTURBED  CHANNELS 
2.1  The  Equatorial  Region 

A  characteristic  of  the  equatorial  region  that  uniquely  affects  the  dynamical  behavia  of  the  equatoial 
ionosphere  is  ttie  horizontal  orientation  of  the  geomagn^c  field  lines.  Their  orientation,  perpendicular  to  the 
gravitational  force,  is  a  key  facux  in  the  development  of  the  Raylelgh-Taylm  instability  at  F  layer  heights, 
wltich  is  a  crucial  first  st^  in  the  series  of  instabilities  involved  in  the  developnoent  of  irregularities. 


Manuieriiit  aiiproved  Jime  14,  1993. 

*  Unless  Otherwise  qjecified,  aD  values  rtf  de^  spread  and  DoppHer  spread  quoted  in  this  paper  will  refer  to  the  2o  value  as  defined 
by  Bello  [1963]. 
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Furthermore,  F  layer  irregularities  developed  in  the  process  will  be  field  aligned,  i.e.,  their  dimension  along 
field  lines  will  be  much  greater  than  their  dimension  transverse  to  Uk:  field  Unes. 

Evidence  of  irregularity  structure  in  the  nighttime  equatorial  ionosf^ere,  in  the  form  of  spread  F  ionograms 
(equatorial  spread  F),  were  first  noted  by  Booker  and  Wells  { 1938],  Later  evidence  in  other  forms  included:  ( I ) 
coherent  VHF  backscatter  from  the  equatorial  F  layer  [Farley  et  al,  1970;  Woodman  and  LaHoz,1976],  (2)  HF 
non  GCP  propagation  between  Europe  and  Africa  [Rottger,  1973;  RottgCT,  1976],  (3)  satellite  measurements  of 
equaKKial  scintillations  summarized  by  Aarons  [1978]  by  Basu  and  Basu  [1978],  and  (4)  in  situ  satellite  and 
rocket  measurements  [Szuszczewicz  et  al,  1980;  Szuszczewicz  et  al,  1981]. 

One  of  the  most  striking  features  of  equatorial  spread  F  revealed  by  these  measurements  is  the  presence  of 
large  depletions  of  electron  density  (bubbles)  which  can  extend  from  the  bottomside  of  the  F  layer,  through  the 
F  layo*  peak,  to  the  topside  and  which  can  have  a  north-south  (geomagnetically  field  aligned)  dimension  of  the 
order  of  1000  km  and  an  east-west  dimension  of  the  order  of  100  km.  Bubbles  usually  occur  in  groups  that  are 
longitudinally  distributed,  drift  in  an  easterly  direction  at  speeds  between  100  and  200  m/s,  and  are  characterized 
by  sha^  gr^ents  of  election  density  at  their  edges.  In  addition  to  the  bubbles,  which  represent  the  largest 
scale  sizes  in  the  irregular  medium,  measurements  have  also  revealed  the  presence  of  a  spectrum  of  irregularity 
sizes  extending  down  to  meter  scales.  The  power  spectral  density  of  the  irregularity  spectrum  is  usually 
governed  by  a  power  law  on  the  irregularity  scale  size  which  implies  that  the  qiectral  intensity  decreases 
exponentially  as  the  scale  size  decreases.  For  example,  for  a  power  law  index  of  2,  a  threefold  decrease  in  scale 
size  results  in  a  10  dB  decrease  in  the  spectral  intensity  of  that  Fourier  component  of  the  irregularity  spectrum. 

A  lefH^esentative  power  spectral  distribution  for  the  disturbed  equatorial  F  layer  (represented  in  terms  of  temporal 
frequency  rather  than  sc^e  size  or  spatial  wave  number)  can  be  found  in  a  paper  by  Szuszczewicz  [  1986].  A 
summary  of  results  of  experimental  measurements  up  to  1981  canbe  found  in  Kelley  and  McClure  [1981]. 

Equatorial  spread  F  is  a  ni^ttime  phenomenon  with  a  maximum  occurrence  frequency  between  the  hours  of 
19(X)  and  03{X)  local  meridian  time.  Late  evening  ionospheric  changes  that  appesa  to  be  connected  to  the  onset 
of  equatcmal  spread  F  are:  (1)  the  decay  of  the  bottom-side  of  the  F  layer  and  the  associated  development  of 
steep,  bottomside,  vertical  gradients  of  electron  density,  (2)  the  rapid  vertical  ascent  of  the  layer,  and  (3)  the 
elevated  height  of  the  nighttime  F  \ayex.  Although  these  conditions  usually  accompany  the  development  of  a 
nighttime  spread  F  layer,  it  ^ould  be  emf^asized  that  their  presence  does  not  guarantee  its  occurrence. 

Based  on  die  considerable  body  of  available  measurements,  of  all  types,  equatorial  spread  F  appears  to 
exhibit  a  solar  cycle,  a  seasonal,  and  a  longitudinal  dependence  in  addition  to  its  diurnal  dependence  [Aarons  et 
al,  1980].  The  seasonal  dependence  is  manifested  in  a  high  rate  of  occurrence  during  the  ^uinoctial  periods  at 
all  longitudes.  The  longitudinal  dependence  is  manifested  in  the  Atlantic  region  (encompassing  the  equatorial 
regions  of  South  America  and  West  Africa)  by  a  high  rate  of  occurrence  during  the  period  Novemba  through 
January  and  a  minimum  rate  of  occurrence  during  the  period  May  through  July.  By  contrast,  the  longitudinal 
depentoce  in  the  Pacific  region,  encompassing  longitudes  13S-180*E,  is  the  reverse. 

The  presence  of  a  horizontal  magnetic  field  at  the  equates,  which  tends  to  restrict  vertical  motions  of  the 
ionospheric  plasma  thereby  supporting  the  plasma  against  gravitational  forces,  creates  conditions  that  can  lead  to 
a  fluid  type  of  instability  known  as  the  Rayleigh-Taylor  instability.  This  instability  occurs  when  a  heavy  fluid  is 
unstably  supported  atep  a  lighter  fluid.  A  form  of  this  instability,  the  coliisional  Rayleigh-Taylor  instability,  is 
generally  accepted  [Ossakow,  1981;  Szuszczewicz,  1986]  as  the  mechanism  responsible  for  the  formation  of  the 
largest  irregularity  scale  sizes  found  in  the  disturbed  equatorial  F  layer,  the  so-called  bubbles.  A  variety  of 
plasma  instabilities  [Ossakow,  1981 ;  Szuszczewicz,  1986],  driven  by  plasma  drift  motions  (vertical  and 
hcMizontal)  and  by  tte  sharp  gradients  in  the  bubble  walls,  have  been  pxt>px>sed  and  largely  validated,  as  being 
re^xmsible  for  tihie  production  of  field  aligned  irregularities  ^  all  sizes  down  to  meter  scale  lengths.  It  is 
presumed  that  the  aforementioned  nighttime  events  create  the  conditions  conducive  to  triggering  the  onset  of  the 
Rayleigh-Taylor  instaMlity. 

Direct  rtMasurements  of  the  coirununications  characteristics  of  the  eqi^rial  channel  are  not  extensive.  The 
only  available  charmel  probe  measurerttents  were  made  over  a  12  day  p^od  during  July  1986  on  a  2158  km 
east-we^  path  along  the  geomagnetic  equate  [Easier  et  al,  1987].  Ttte  mic^int  of  the  p>ath,  at  a  geograpAiic 
longitude  of  ipproximately  162  degrees,  and  the  season,  July,  were  tptimaliy  selected  for  observing  ^ead  F 
effects  in  ttie  Pacific  region.  Solar  activity,  however,  was  say  low,  coinciding  with  a  time  of  solar  minimum 
when  the  occurrence  of  spr^  F  is  expected  to  be  low. 

A  scattering  function  [Bello,  1963;  Stein,  1987]  representative  of  these  measurements  is  shown  in  Fig.  1  in 
the  form  of  a  contour  plot  TTie  contours  define  constant  values  of  signal-to-noise  ratio  (SNR).  The  innermost 
(largest)  commir  rqxeseuts  a  SNR  of  25  dB  and  the  corttour  spring  is  5  dB.  The  scattering  function  indicates 
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a  moderate  delay  spread  and  a  small  Doppler  ^ead  (at  least  by  the  standards  of  the  high  latitude  disturbed 
channels  which  are  discussed  in  the  following  sections).  Delay  spreads  of  the  order  of  300  to  400  ps,  measured 
at  the  -10  dB  level  relative  lo  the  signal  peak,  seem  to  be  typical.  Doppler  sjyeads  of  the  order  of  2  to  4  Hz  are 
estimated  using  the  same  criterion. 

For  vertically  distributed,  north-south  field-aligned  irregularities,  and  for  the  given  east-west  propagation 
geomrtry,  the  Doppler  spreading  is  most  sensitive  to  vertical  drift  motions  which  are  smaller  (30  to  50  m/s) 
than  the  west  to  east  drift  motion  of  the  region  (1(X)  to  200  m/s).  It  is  quite  possible  that  one  might  observe  up 
to  a  factor  of  four  inaease  in  Doppler  spread,  for  the  same  frequency,  if  one  were  dealing  with  a  north-south 
path  of  comparable  length.  This  is  because  of  liie  larger  east-west  drift  velocity  and  because  of  the  greater 
possibility  for  oblique  path  propagation  with  large  lateral  offset  (e.g.  (Rottger,  1973]).  Channel  probe 
measurements  on  a  north-south  transequatorial  path,  unfortunately,  have  not  been  made. 

(U)  The  Polar  Region 

Irregularity  structures  in  the  polar  region  consist  primarily  of  two  kinds,  polar  arcs  and  large  scale  patches 
[Buchau  et  al,  1985],  The  polar  arcs  are  very  long  (>  1000  km),  thin  (-  100  km)  ionization  enhancements  that 
are  aligned  with  the  earth-sun  line.  They  have  been  observed  using  [Aotometric  imaging  techniques  and 
ionc^h^c  sounders.  Hiey  occur  in  association  with  enhanced  fluxes  of  soft  electrons  (~  500  ev)  and  are  most 
prominent  around  the  time  of  solar  maximum  and  during  magnetically  quiet  periods.  They  exhibit  no  particular 
diurnal  pattern  and  generally  drift  across  the  polar  cap  from  the  dusk  to  the  dawn  meridian  at  speeds  between 
100  and  250  ra/s  with  occasional  reversals  of  drift  direction.  Their  presence  leads  to  scintillation  effects  on 
trans-ionost^eric  propagation  paths  and  spread  traces  on  backscatter  ionograms.  As  yet,  there  have  been  no 
reports  of  channel  parameter  measurements  when  polar  arc  disturbance  conditions  have  prevailed  along  the  path. 

F  layer  patches  are  very  large  regions  of  enhanced  electron  density  (~  1000  km  in  diameter)  that  are 
observed  to  transit  the  polar  region  from  the  noon  to  the  midnight  mericfian  at  speeds  -  1000  in/s.  Patches  are 
believed  to  originate  at  the  noon  meridian  in  the  solar  illuminated,  subauroral  region  of  the  daytime  ionosphere. 
Current  theory  holds  that  they  are  dislodged  from  the  subauroral  ionosphere  as  a  result  of  a  pmurbation  in  the 
local  interi^anetary  magnetic  field,  which  temporarily  extends  the  lower  boundary  of  the  auroral  region 
equat(Hward[  Anderson  et  al,  1987].  Once  detached,  the  i^asma  is  swept  up  by  the  magnetospherically 
controlled  high  latitude  convection  pattern  [Heelis,  1982;  Knudsen,  1974;  Spiro  et  al,  1978]  and  carried  across 
the  polar  cap  in  the  direction  of  the  midnight  meridiaa  The  high  electron  density  gradient  at  the  patch  boundary 
with  the  ambient  polar  iono^there,  facilitates  a  variety  of  plasma  instabilities  [Tsunoda,  1988]  which  are  held 
responsible  for  the  strong  irregularity  structure  associated  with  these  patches. 

Patch  oocutrence  rate  exhibits  a  diurnal  variation  in  universal  time  (UT)  which  is  related  to  the  displacement 
(~  10  degrees)  of  die  magnetic  pole  from  the  geographic  pole.  Because  the  auroral  oval  and  the  pdlar  cap  are 
centered  on  the  magnetic  pole,  and  because  the  orientation  of  the  aurwal  oval  is  fixed  relative  to  the  earth-sun 
line,  the  rotation  of  the  earth  causes  their  positions  to  undergo  a  diurnal  periodic  motion  in  geogr^:^c 
coordinates.  The  effect  of  this  motion  is  that  the  sub-solar  point  on  the  auroral  oval  (noon ,  magnetic  local  time) 
is  at  a  geograf^c  latitude  of  approximately  65  degrees  at  17(X)  UT  and  at  a  geographic  latitude  of  82  degrees  at 
0500  UT.  The  strong  UT  modulation  of  the  solar  zenith  angle  at  the  noontime  auroral  oval  results  in  a 
corre^nding  noodulation  in  the  ambient  electron  density,  aixl  an  associated  increase  in  the  maximum  dectron 
doiaty  and  rate  of  occurrence  of  patches  transiting  the  polar  region.  This  UT  diurnal  effect  has  been  clearly 
demonstrated  in  measurements  by  Buchau  et  al  [1985]. 

As  previously  moitioned,  polar  arcs  are  not  j  factcK  around  the  time  of  solar  minimum  but  are  an  important 
factor  at  solar  maximurtL  Patches,  on  the  odrer  hand,  are  observed  during  all  phases  of  the  solar  cycle. 

Because  the  maximum  electron  density  of  a  patch  is  determined  by  the  electron  density  of  the  source  region , 
patches  are  certain  to  be  mote  prominent  at  dmes  of  solar  maximum.  Given  the  combined  effects  of  |»iar  arcs 
and  patches,  a  strong  correlation  between  polar  irregularity  disturbances  and  the  phase  of  the  solar  activity  cycle 
is  anticipated.  Evidence  in  su{qx)rt  of  this  contention  has  been  provided  by  Buchau  et  al  [  1985]. 

Because  of  the  extended  periods  of  darkness  in  the  months  between  November  and  March,  the  polar  winter 
ionosphoe  is  dominated  by  irregularity  structures  such  as  patches  and  polar  arcs.  This  has  been  well 
documented  by  a  variety  of  measurerr^nts  including  satellite  in  situ  measurements  of  electron  density  and 
structure  [Singh  et  al,  1985].  The  summer  season  of  almost  continuous  solar  illumination  produces  a  strong 
arabiertt  tonosp^  in  which  irregularity  regions,  if  there  are  any,  are  immersed.  AltlKiugh  the  published  works 
do  not  present  any  data  for  summertime  measuronoits,  Baslo^  [private  communication]  has  indicated  fitat  the 
sumniertiine  spread  parameters,  especially  the  Doppler  ^ead,  are  much  smaller  than  those  observed  at  other 
tiroes  of  the  year. 
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The  diurnal  pattern  of  irregularity  occurrence  is  affected  by  that  of  the  two  structural  forms  affecting  the 
polar  ionosphere.  Given  the  fact  that  polar  arcs  are  a  significant  factor  during  periods  around  solar  maximum, 
one  might  expect  that  any  diurnal  dependences  introduced  by  patches  would  be  vitiated  by  diumally  independent 
effects  due  to  polar  arcs.  On  the  other  hand,  during  times  around  solar  minimum,  when  polar  at  cs  are  weak  and 
rare,  oik  would  expect  a  distinct  diurnal  pattern  of  irregularity  occurrence  typical  of  that  of  the  patches.  These 
diurnal  patterns  have  been  confirmed  by  Buchau  et  al  [1985]  using  vertical  soundings  at  Thule.  Greenland. 

The  only  available  channel  probe  measurements  for  the  polar  region  are  those  of  Easier  et  al  ( 1987;  1988). 
These  measurements  were  made  on  a  1913  km  path  between  Narssarssuaq  and  Thule,  Greenland  and  consisted 
of  three  sets  of  measurements  covering  the  fall,  spring,  and  summer  seasons.  The  measurement  period  ran  from 
Ocober  1984  through  Au^t  1985.  This  was  a  p^od  of  minimum  solar  activity  implying  that  patches  were  the 
main  source  of  ionospheric  irregularities  in  the  {mlar  region. 

Examples  of  channel  probe  measurements  made  on  October  3, 1984  on  a  polar  channel  [Baslo:  et  al,  1987] 
are  shown  in  Fig.  2.  These  measurements  were  made  at  three  different  times  ^aced  five  minutes  ^^art  (1928 
UT,  1933  UT,  and  1938  UT).  The  ionogram  (1931  UT)  shows  a  very  diffuse,  but  recognizable,  1F2  trace 
with  a  maximum  useable  frequency  (mOf)  of  the  order  of  1 1.5  MHz.  The  associated  scattering  functions  are 
represented  by  contour  plots,  with  contours  of  signal-to-noise  rt^o  (SNR).  The  maximum  SNR  contour  shown 
on  any  of  the  scattering  functions  is  55  dB  and  the  spacing  between  contours  is  5  dB.  All  scattering  functions 
show  extensive  delay  and  Eioppler  spread  with  significant  changes  in  the  spread  values  occurring  in  a  five 
minute  interval. 

Average  values  of  Doppler  and  delay  spread  for  the  equinoctial  periods  were  derived  by  Basler  by  averaging 
*be  March  and  October  data  and  evaluating  the  spread  values  for  each  5  minute  observ  ation  period.  These 
results,  from  Figs.  50  and  54  in  the  Basler  report  [1987],  have  been  adapted  to  conform,  where  possible,  to 
what  has  come  to  be  accqtted  as  a  standard  form  for  expressing  spread  values,  i.e.  twice  the  standard  deviation 

of  the  SfH'ead,  and  here  referred  to  as  the  2o  spread.  Values  for  the  Doppler  and  delay  spreads,  are  plotted  in 

Figs.  3  and  4,  respectively.  The  results  for  Doppler  spjread  show  a  weak  dependence  on  UT  with  an  average  2o 
Dop>pler  qiread  of  ~  15  at  approximately  1400  UT  and  declining  to  a  value  of  ~  12  Hz  at  approximately 

2300  UT.  The  delay  spread  is  plotted  in  terms  of  the  mean  spnead  at  the  *20  dB  contour  (and  at  zero  Doppler) 
relative  to  die  ^tectral  pieak.  The  mean  delay  spread  shows  a  diurnal  variation  which  peaks  close  to  the  expected 
time  of  maximum  effect  (-1700  UT).  The  mean  delay  sptread,  averaged  over  all  times  of  day,  is  -  0.25  ms. 

23  The  Auroral  Region 

The  auroral  region  has  been  recognized,  for  some  time,  as  a  region  of  very  strong  field  aligned 
irregularities.  Early  backscatter  measurements  at  VHF  [Bowles,  1954;  Dyce,  1955]  revealed  the  pnesence  of 
a^KCt  sensitive  scattering  from  irregularities  of  electron  density  in  die  auroral  E  layer,  thereby  confirming  the 
existence  of  field  aligned  irregularities  [Booker,  1956],  HF  backscatter  measurements  by  Bates  [1959], 
establisiKd  the  existence  of  auroral  echoes  from  field  Signed  irregularides  at  F  layer  heights,  as  well. 

The  auroral  region  is  identified  by  its  nighttime  visual  di^lays,  resulting  from  the  impact  of  energetic 
electrons  with  the  neutral  constituents  of  the  up^  atmosphoe.  In  a  more  general  sense,  the  auroral  region  is 
characterized  by  the  fact  diat  it  is  the  region  of  the  earth's  atmosphere  that  is  accessible  to  the  entry  of  energetic 
charged  p^cles  fiom  the  eardis  outer  radiation  belt  (i.e.  Van  Allen  belt),  the  magneto^here,  and  the 
inte^aiKtary  medium.  Furthermwe,  it  is  strongly  coupled  to  events  in,  and  exerts  an  influence  upxm,  the 
earth's  magnetospihere  in  response  to  disturbances  in  the  near-earth  interplanetary  medium  and  magnetic  field. 
Bodi  of  diiese  factors  have  a  profound  effect  on  the  occurrence  of  irregularity  disturbances  in  the  aurwal 
ionosprtiere. 

Energ^c  piartide  precipitation  into  the  auroral  atmosphere  is  an  inherendy  irregular  process  both  spratially 
and  temporally.  FurtherriKire,  die  energy  spectrum  of  the  entering  piarticles,  which  is  variable,  detenitities  the 
hei^t  of  dqpc^tion  of  collision  initiate  ionizatioa  Auroral  regions  swh  as  the  winter  or  nighttime  ionoqThere, 
for  whidi  ionization  production  is  wholly  depiendent  upon  enei^etic  particle  precipitation,  are  therefore 
inherently  irregular. 

Pblar  pMtitches  are  an  additional  source  of  enhanced  ionization  in  the  aurwal  ionosphere.  Patches  convect 
across  tire  polar  cap  from  ths  noon  to  the  midnight  meridian,  enter  the  nightside  auroral  region  at  the  midnight 
meridian,  and  dien  return  to  the  noon  meridian  by  way  of  the  dawn  and  dusk  sectors  of  the  auroral  region.  Co- 
rotaticm  of  the  neutral  atmosj^iete  with  the  eardi  results  in  a  complex  convection  pattern,  on  the  dusk  side. 
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which  results  in  a  distMiion  of  the  patches  into  relatively  thin  elongated  regions  of  irregular  electron  density 
which  have  been  given  the  rather  inelegant  title  of  "blobs”  [Robinson  et  al,  1985;  Tsunoda,  1988],  These  blobs 
are  gena-a’ly  aligned  with  the  equatorward  edge  of  the  auroral  oval,  adjacent  to  the  high  latitude  boundary  of  the 
nightside  F  layer  trough  region,.  The  high  latitude  boundary  of  the  F  layer  trough  is  also  a  region  of  strong 
irregularity  development  owing  to  the  steep  horizontal  gradients  of  electron  density  that  exist  there.  The 
combination  of  the  blobs  and  Ae  F  layer  trough  boundi^  make  this  a  highly  irregular  region  of  the  auroral 
ionos{^re. 

In  addition  to  the  auroral  boundary  blobs,  smaller  patches  of  irregularities,  related  to  isolated  regions  of 
particle  precipitation,  are  found  within  the  oval  and  finally  additional  blc^s  are  found  on  the  poleward  boundary 
of  tl^  auroral  oval  [Tsunoda.  1988].  All  of  these  factors  combine  to  make  the  auroral  ionosphere  a  particularly 
formidable  communication  medium,  especially  during  the  late  fall,  winter,  and  early  spring  seasons. 

Measurements  [Wagner  et  al,  1993(a);  1993(b)]  indicate  that  spread  conditions  on  the  nighttirr^  transauroral 
channel  do  not  depend  strongly  on  magnetic  conations.  By  contrast,  spread  conditions  on  the  daytime 
transauroral  diaimel  are  quite  sensitive  to  disturbed  magnetic  conditions.  Evidence  of  enhaivced  daytime  spread 
conditions  has  been  jvesented  [Wagner  and  Goldstein,  1991 ;  Wagner  et  al,  1993]  for  values  of  Kp  2: 3  (K^  is  a 
quaa-logaiithmic  three-lKHirly  index  of  magnetic  activity  with  a  scale  from  0  to  9,  with  0  indicating  no  activity). 

Examples  of  nighttime  conditions  on  a  transauroral  chaiuiel  are  shown  in  Figs.  5, 6,  and  7.  These 
measurements  were  made  in  March  1992,  on  a  1 300  km  path  between  Sondrestrom,  Greenland  and  Keflavik, 
Iceland  shortly  a^  midnight  UT.  Magn^c  conditions  were  mildly  unsettled,  Kp  =  2,  and  the  mic^int  of  the 
path  lay  near  the  polar  boundary  of  the  nighttime  oval.  An  oblique  path  ionogram  depicting  ionospheric 
conditions  at  the  end  of  the  measurement  period  is  shown  in  Fig.  5  The  ionogram  shows  a  complex  structure  of 
individual  traces,  all  diffuse,  but  with  strong  returns  at  their  lea^ng  edges.  These  suggest  a  complicated 
ionospheric  spatial  environment  consisting  of  a  number  of  strong  irregularity  regions  distributed  about  the 
prc^gation  path.  Ty^csl  slant  F  scatter  behavior,  characterized  by  a  monotonically  increasing  minimum  delay 
with  frequency  (Bates,  1959],  is  observed  at  frequencies  above  approximately  10  MHz  (Fig.  5).  This  supports 
the  view  of  a  generally  irregular  ionosphere  with  embedded  field-aligned  irregularities. 

Two  scattering  functions,  one  at  a  frequency  of  7.5  MHz  and  the  other  at  a  frequency  of  14.5  MHz,  have 
been  selected  for  examination.  The  7  J  MHz  frequency  was  chosen  because  it  lies  in  a  frequency  range  where 
individual  traces  and  strong  signals  are  visible  on  the  ionogram.  The  14.5  MHz  frequency  was  select^  because 
it  lies  in  the  purely  slant  F  scatter  region  of  the  ionogram. 

A  3-D  representation  of  an  unsmoothed  scattering  function  at  7  J  MHz  is  shown  in  Fig.  6.  The  vertical 
amplitude  sc^  Is  in  units  of  dB  relative  to  an  arbitrary  reference.  A 10  dB  scale  marker  is  iixlicated  on  the 
figure.  Ihe  average  ncnse  level  in  the  scattering  function  is  on  the  order  of  5  dB  below  the  indicated  plot  floor 

The  scatteriog  function  of  Hg.  6  shows  a  relatively  weak  sporactic-E  r^um  at  a  delay  of  approximately  350 
ps  on  the  figure.  This  is  followed  by  two  nearly  contiguous  returns  corresponding  to  signals  from  F  layer 
irregularity  regions.  The  peak  spectral  amplitude,  lies  within  the  part  of  the  scattering  function  that 

correspond  to  the  1F2  return,  is  comparable  (-*94  dB)  with  that  obtained  from  daytime  spe^arly  reflected 
sigiuils  during  magn^cally  quiet  timd.  This  suggests  that  we  are  dealing  with  signals  which  are  reflected 
rather  than  scattered  The  signal  differs  from  daytime  reflected  agnals,  however,  in  that  it  is  extensively  spre^ 

in  both  delay  and  Doppler  (2o  values  -200  ps  and  6  Hz).  Furthermore,  the  DopplCT  spread  exhibited  by  many 
of  the  stronger  individual  fettiures  in  the  scattering  function  is  unusually  broad  compared  with  that  of  a  daytime 
specularly  reflected  signal.  This  suggests  that  the  reflecting  surfaces  have  a  limited  lifetime  compared  with  the 
duration  (-4  s)  of  the  data  sample  used  to  calculate  the  scattering  functioa 

The  model  proposed  to  explain  tiiese  reflected  signals  is  artalogous  to  that  of  light  glinting  off  of  tl»  dioppy 
surface  of  a  swinuning  pool.  It  is  prc^iosed  that  a  very  large,  irregular  region  of  elevated  electron  density  will 
inuxxbrce  strong  horizontal  gr»iients  of  electron  density  capable  of  "reflecting"  those  radio  waves  whose 
frequency  is  lower  titan  an  equivalent  MUF  established  by  the  electron  denrity  distribution  within  the  region  and 
by  the  given  pa^  Sinre  ^  medium  is  irregular  and  evolving  with  time,  there  can  ^  nuuiy  reflecting  "fac«s" 
introducir^  a  range  of  signal  delays  and  Dc^er  shifts.  Hnally,  since  the  region  is  in  a  constant  state  of  change, 
individual  reflecting  facets  will  have  a  limited  lifetime  and  will  to  bop  around,  thereby  explaitting  the 
Ktread  Doppto  dtaractearistic  of  many  of  Ihe  indivicbial  i^tectral  features,  and  the  broad  EH^er  spread  of  the 
overall  «rart«rii^  functimt.  The  preqiaties  exhibited  by  the  signal  at  7.5  MHz  wmild  seem  to  justify  its 
ciywy^Tfltinfi  as  that  of  a  ^lec^-multipatit  reflected  signal  from  a  time  varying  region  of  spatially  distributed 
irr^ohBitfes. 
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Two  complementary  views  of  the  scattering  function  for  14.5  MHz  is  shown  in  Figs.  7(a)  and  7(b).  Figure 
7(a)  shows  an  unsmoothed,  3-D  representation  of  the  scattering  function  similar  in  form  to  that  of  Fig.  6.  It 
illustrates  the  random  quality  of  the  scattering  function  for  a  scatter  channel.  Except  for  the  strongest  signals, 
which  tqtpear  to  have  a  finite  Doppler  width,  the  scattering  function  appears  to  be  completely  uncorrelated  in 
Dealer  and  in  delay.  The  Doppler  widths  of  the  strongest  signals  resemble  those  of  the  spread  feahires 
abserved  at  7.5  MHz  (Fig.  6)  which  suggests  that  tirey  arc  scattered  by  irregularity  structures  having 
»>nq)arable  sizes  and  lifetimes  to  those  responsible  for  the  7.5  MHz  reflect^  signals . 

The  contour  plot  representation  of  the  scattering  function  of  Fig.  7(b)  jM-ovides  a  clears  picture  of  the 
manner  in  which  energy  has  been  re-distributed  on  the  delay-Doppler  plane  as  a  result  of  passage  through  the 
:hannel.  The  contours  are  specified  in  dB  relative  to  the  pe^  sp^al  amplitude  The  pe^  SNR  for  this 
scattering  function  is  -  27  dB.  The  data  for  the  contour  plot  has  been  smoothed  using  9  and  5  point  triangular 
smoothing  windows  (in  Doppler  and  delay,  respectively). 

The  peak  spectral  amplitude  of  the  14.5  MHz  signal  in  Rg.  7(a)  is  62  dB  which  is  -30  dB  below  the  peak 
spectral  amplitude  at  7.5  MHz  (Fig.  6).  The  delay  and  Doppler  spreads  of  the  signal  at  14.5  MHz  are  750  ps 
and  15  Hz,  re^>ectively,  as  compared  with  values  of  2(X)  ^  and  6  Hz  at  7.5  MHz.  All  of  these  factors  support 
a  hypothesis  of  a  scatter  mechanism  being  responsible  for  the  received  signal  at  14.5  MHz,  as  opposed  to  a 
specular-multipath  reflection  mechanism  at  7.5  MHz. 

3.  DISCUSSION 

The  results  presented  for  the  transauroral  channel  indicate  that  three  types  of  signals  are  observed  on  the 
channd  depending  on  iono^heric  conditions.  During  magnetically  stable  daytime  conoiuons,  signal 
characteristics  com{mable  to  those  of  a  quiescent  mi^atitude  channel  are  observed.  During  disturt)ed  conditions 
one  eiuxmnters  multi{^  reflected  signals  comparable  in  amplitude  to  those  of  the  quiet  daytime  chaimel  but 
considerably  more  sikead  in  delay  and  Doppler.  Rnally,  under  disturbed  conditions  one  may  also  observe 
scatto:  type  signals  vihich  are  -  30  dB  smaJler  in  amplitude  than  the  ^lecular-multipath  signals,  and  somewhat 
more  spread.  These  results  can  be  concisely  expressed  in  a  "Channel  Performance  Map"  which  is  a  scatter  plot 
of  measured  points  plotted  on  a  gr^h  whose  ordinate  is  signal  amplitude,  in  decibels,  and  whose  abscissa  is 

channel  ^xead-factor,  where  the  spread-factor  is  expressed  as  the  dimensionless  product  of  the  measured  2a 
delay  and  Doppler  spread  values. 

An  illustration  of  a  Channel  Performance  Ms^  is  given  in  Fig.  8  for  a  case  involving  two  experiments 
conducted  by  NRL  [Wagner  et  al,  1993(a)]  between  Sondrestrom  Greenland  and  Keflavik,  Iceland.  One  of  the 
eiqietiments  was  a  daytime  measurement  at  a  time  of  mildly  disturbed  conditions  and  the  second  experiment  was 
a  nighttime  measurement  at  a  time  of  relatively  quiet  magnetic  conditions.  In  spite  of  the  presence  of  some  weak 
scatter  returns,  the  daytime  experiment  showed  clear  evidence  of  specularly  reflected  signals  at  all  frequencies 
probed.  Ihe  nighttime  measurement  showed  evidence  of  specular-multipath  and  scatter  returns  at  frequencies 
below  about  3  J  MHz  but  only  scatter  returns  ai  frcquencico  above  1 1.5  MHz. 

The  filled  markers  on  Rg.  8,  rqnesenting  signal  points  on  the  Charmel  Performance  Map,  are  seen  to 
divide  up  into  three  distinct  groups.  The  filled  black  squares  re{nesent  specularly  reflected  signals  on  the 
daytime  diannel.  They  are  diaracterized  by  large  signal  levels  and  negligible  spread-factors.  Except  for  those 
points  with  anqjlitudes  <  75  dB,  the  indicated  spread-factors  are  of  the  order  of  the  measurement  resolution. 
Points  whose  anqilitudes  are  <  75  dB  correspond  to  a  frequency  of  7.2  MHz,  which  was  substantially  retarded 
amd  diqaersed  in  an  FI  layer  lying  beneath  the  main  F2  layer.  Their  reduced  amplitudes  and  enhanced  spread- 
fcctms  are  a  consequence  of  delay  disposion  in  fltis  underlying  layer. 

The  signal  group  r^esented  by  the  reverse  video  asterisk,  represent  specular-multipath  returns  from  the 
nighttime  measiuement  Tl^  are  seen  to  have  amplitudes  comparable  with  those  of  the  daytime  refleaed 
signals  but  a  ^ead-factor  whidi  is  at  least  two  orders  of  magnitucte  larger  than  that  of  the  ^ytime  reflected 
signals. 

Hie  third  signal  group  rqxesents  scattered  signals  bodi  day  and  nighttime.  Ihey  are  seen  to  exhibit  the 
largest  spread  factor  of  any  signal  group  and  to  be  on  the  order  of  30  dB  weaka*  than  either  of  the  reflected 
signal  types. 

Rnally,  ttie  unfilled  marters  represent  measured  noise  values  on  the  channel.  They  are  included  to  provide 
some  semse  of  the  slgoal-to-noise  ratio  prevailing  during  the  measurements.  Each  noise  point  is  assigired  the 
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spread  factw  and  marker  type  (unfilled)  of  the  corresponding  signal.  This  is  done  for  purposes  of  identification 
but  is  otherwise  of  no  significance. 

4.  SUMMARY  AND  CONCLUSIONS 

Available  evidence  for  the  transauroral  and  polar  channels  indicate  that  they  are  characterized  by  roughly 

comparable  values  of  delay  and  Doppler  spread  (2o  delay  and  Doppler  spreads  of  approximately  0.5  ms  and  10 
to  15  Hz,  respectively).  A  limited  set  of  measurements  for  the  equatorial  channel  (east-west  measurement  path) 
indicated  delay  spreads  comparable  to  those  of  the  high  latitude  channels  but  a  signif  antly  narrows  Doppler 
spread  (-  4  Hz). 

Measurements  on  the  transaurwal  path  indicate  that  three  types  of  signals  are  supported  by  the  medium 
depending  on  channel  conditions  and  signal  frequency.  Ifrese  consist  of  specular  reflected  signals  of  the  type 
that  are  received  from  a  smooth  laminar  ionosphere,  ^tecular-multipath  signals  that  are  randomly  distributed  in 
delay  and  Doppler  and  have  limited  lifetimes,  and  scatter  signals.  It  is  quite  likely  that  one  stx)uld  encounter 
similar  classes  of  returns  on  the  polar  and  equatorial  charmels  but  the  data  have  apparently  not  been  examined 
for  this  iKoperty. 

Finally,  it  should  be  mentioned  that  the  available  data  set  for  the  disturbed  channels  is  far  from  exhaustive, 
and  what  data  there  is  has  not  been  completely  analyzed.  Additional  measurements  that  would  be  desirable 
include  summertime  polar  and  transauroral  measurements,  high  sunspot  number  polar  measurements,  and  trans- 
equatorial  measurements  on  a  north-south  path. 
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Hg.  2  •  (a)  lonograin  and  scattering  functions  (10.75  MHz)  for  a  north-south  polar  path; 
~  1930  UT.  3  October.  1984;  [from  Easier  et  al,  I987J. 
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Fig.  3  -  Mean  2cr  Doppler  spread  values  for  the  solar  minimum,  equinoctial  periods 
October  *84  and  March  *85;  9adapted  from  Basler  et  al,  [1987]), 
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Fig.  4  -  Mean  delay  spread  for  contours  20  dB  below  the  signal  peak  for  the  solar 

minimum,  equinoctial  periods  October  *84  and  March  *85;  (adapted  from  Basler  ei 
al.  [1987]). 
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Fig.  6  -  Scattering  function  (7.5  MHz),  midnight  tran.s-auroral  path,  Sondrestom-Kenavik 
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Fig.  7  -  scattering  function  for  midnight  slant  F  scatter  signal;  trans-auroral  channel;  14.5  MHz. 
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Rg,  8  -  Channel  performance  map  -  trans-auroral  channel;  midday  and  midnight  measurements. 


